The lrgAB and cidAB operons of Streptococcus mutans encode proteins that are 21 structurally similar to the bacteriophage lambda family of holin-antiholin proteins, which 22 are believed to facilitate cell death in other bacterial species. Although their precise 23 function is not known, cidAB and lrgAB are linked to multiple virulence traits of S. mutans, 24 including oxidative stress tolerance, biofilm formation, and autolysis. The regulation of 25 cidAB and lrgAB is still not understood, as these operons show opposite patterns of 26 expression as well as a complex dependence on growth conditions. We have used a 27 microfluidic approach, together with single-cell imaging of a fluorescent gene reporter, to 28 identify with greater precision the cues that trigger lrgA expression and characterize cell- 29 to-cell heterogeneity in lrgA activity. lrgA activates very abruptly at stationary phase, with 30 a high degree of synchrony across the population. We find this activation is controlled by 31 a small number of inputs that are sensitive to growth phase: Extracellular pyruvate, 32 glucose, and molecular oxygen. Further, activation of lrgA appears to be self-limiting, so 33 that lrgA is strongly expressed only for a very short interval of time. Consequently, lrgA is 34 programmed to switch on briefly at the end of exponential growth, as glucose and 35 molecular oxygen are exhausted and extracellular pyruvate is available. Our findings are 36 consistent with studies showing that homologs of lrgAB are linked, together with lytST, to 37 the reimport of pyruvate for anaerobic fermentative growth. 38 39 40 41 42 3 Importance 43
Introduction
Comparing Figures 1E and 1F shows that the fluorescent reporter for lrgAB is activated 143 for no more than 30-50 minutes at the onset of stationary phase. 144 Figure 1 : Observation of PlrgA-gfp fluorescence at the onset of stationary phase in S. mutans. Optical density of (A) UA159 background and (B) PlrgA-gfp strain growing in defined medium. Green fluorescence of (C) UA159 and (D) PlrgA-gfp cultures is dominated by the steadily declining fluorescence of the medium, until about 250-300 minutes. The black arrows in (D) mark the abrupt burst of fluorescence in the PlrgA-gfp strain at the onset of stationary phase. Comparison of the time derivatives of the green fluorescence for (E) UA159 and (F) PlrgA-gfp shows that the burst of lrgA expression has a duration of 30-50 minutes. The inset in (F) shows the time derivative of reporter fluorescence inh 10 mM glucose. Figure 1D also shows that the initial glucose concentration of the medium 145 influences the overall amount of lrgA expression that occurs during the burst. The size of 146 the fluorescence rise in Figure 1D increases as the initial glucose is raised from 10 mM 147 to 15 mM, but declines as the initial glucose is further raised to 25 mM. At 35 mM initial 148 glucose, the burst is not detected. These data are consistent with transcriptional data 149 showing that lrgAB is upregulated 10 3 -10 4 fold in late exponential phase, relative to early 150 or mid-exponential phase (11), and that very high initial glucose concentrations suppress 151 this upregulation (11, 22) .
152
The burst of lrgA expression is observed only under anaerobic conditions 153 Prior studies have found interplay between lrgAB expression and molecular 154 oxygen or oxidative stresses (11, 17, 18, (23) (24) (25) . To more carefully assess the relationship 155 between aerobic or anaerobic conditions and glucose availability on lrgAB, we measured 156 the size of the stationary phase burst of reporter fluorescence in well plates that were expression; Figure 2C shows that the amplitude of the fluorescence burst declines at 166 initial glucose concentrations smaller than about 10 mM. Figures 5B and 5D) . Therefore, the overexpression of lytST 290 bypasses the lrgA requirement for rigorous deoxygenation. 291 We tested whether pyruvate was needed to activate the lrgA reporter in the lytST 292 overexpressing strain. Figure 7B shows that lrgA activated in anoxic medium containing 293 2 mM glucose lacking added pyruvate. Robust expression of lrgA was nearly identical to 294 Figure 7A . We also tested activation of lrgA in anoxic medium with 2 mM glucose and 10 The cidAB and lrgAB operons were first identified as a putative holin-antiholin is a strong enough stimulus that it brings lrgA expression closer to saturation and reduces 427 the heterogeneity that is normally present. To ensure that the growth media for the microfluidic studies was fully 518 deoxygenated, we added an oxygen scavenging system consisting of 2 U/ml glucose 519 oxidase and 120 U/ml catalase (43). This enzymatic system rapidly consumes O2 from 520 the medium by breaking down glucose to yield gluconic acid and H2O as products.
521
Although the glucose oxidase generates H2O2 as an intermediate product (which is then 522 broken down by the catalase), S. mutans is tolerant of low to moderate concentrations of 523 H2O2 far higher than would be present during this reaction (31). 
